Future large space-based telescopes will require precision mechanisms for deployment or alignment after they reach orbit. This research effort seeks to develop deployable primary-mirror telescope technologies that leverage recent advances in mirror phasing, actuation and deployable structure technologies. One way to obtain a precise deployed position of the optical components is with structures incorporating precision High-Strain Composite (HSC) hinges. This paper focuses on characterizing the deployment precision of individual HSC hinges and of a support frame utilizing multiple HSC hinges. Measurements of certain individual HSC hinges demonstrate position precision as low as 0.6 µm and angular precision as low as 6 µrad. A deployable frame concept produced axial precision of 0.2 µm, piston precision of 2.3 µm and angular precision of 6.3 µrad. A few modifications to the frame test setup are proposed that may improve the piston precision results.
Introduction
The size of space-based telescopes with monolithic primary mirrors is limited by allowable launch vehicle sizes. In order to have larger primary mirrors for a given launch vehicle size, some sort of on-orbit deployment or assembly is required. One example of a deployable primary mirror is the James Webb Space Telescope (JWST) primary mirror. 1 The JWST primary mirror is an assembly of mirror segments. Two wings with multiple mirror segments fold back when stowed to allow it to fit within the launch shroud. Besides JWST, many deployed or assembled primary mirror concepts for space-based telescopes have been considered for some time. [2] [3] [4] [5] [6] [7] [8] [9] The key performance requirement for deployed or assembled primary mirrors is positional accuracy. The deployment precision is how close the deployed shape of the structure matches the original shape of the structure before folding. Many factors can lead to positional errors in telescope structures, including assembly error, deployment precision, and shape change due to environmental loads. The level of positional accuracy needed is telescope-, wavelength-and mission-dependent but is generally about onetenth to one-twentieth of the wavelength of interest and may vary in different degrees-of-freedom. The degrees-of-freedom used to describe deployment precision for the structures used in this paper are defined in Figure 1 . In this figure, two displacement degrees-of-freedom are defined, Axial and Piston, and to rotational degrees-of-freedom are defined, Roll and Pitch. 
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Figure 1. Deployment precision degrees of freedom
Deployment precision measurements of the JWST Development Optical Telescope Assembly (DOTA) demonstrated that the structure has 20 µm of piston precision error, 30 µm of axial precision error and 44 µrad of pitch precision error. 10 JWST has been designed with a complex metrology system and 7 degreesof-freedom of actuation for each primary mirror segment so that the deployment position error of the optical components only needs to be a few millimeters. Placing the precision alignment burden on the metrology system and shape correcting actuators leads to a more complicated and heavy telescope system than would be necessary with a higher precision structural deployment. Other precision deployable mechanisms and frame concepts have been developed and tested for deployment precision. A summary of previous deployment precision measurements for optical deployable hinges and structures is shown in Table 1 . As can be seen from these data, while micron-level deployment precision has been measured, only one measurement of angular precision has been reported in the literature. To better understand the performance of optical precision deployable structures in all of these degrees-of-freedom and help mature the technology for future missions, more development is needed. 8.59 0.81 --MIT Lincoln Laboratory (MITLL) is currently working on technologies to simplify deployable space telescopes including precision deployable structures, precision actuation and image based metrology techniques. In this paper, we present recent technology developments in the area of precision deployable structures. First, deployment precision measurements for a newly developed hinge mechanism using thin, flexible composite materials are presented. Second, the design of a prototype deployable frame using this new hinge mechanism is presented along with deployment precision testing results for this deployable frame.
High-Strain Composite Hinges
High-Strain Composite (HSC) materials are thin, flexible composite laminates that can undergo strains much larger than metals with very little plastic deformation. This enables new ways of rolling or folding large structures without the use of traditional revolute joints. Furthermore, HSC-based mechanisms can serve as a deployment drive actuator, deployment latch and a load-bearing structural member when deployed. This combination of attributes could potentially provide significant mass, complexity and cost savings for spacecraft deployable structures.
The HSC field has grown significantly since the early 2000s and is well defined in the seminal paper by Murphey et al. 13 One recent flight success involving HSC materials was the Air Force Research Laboratory Roll-Out Solar Array that flew on the International Space Station in 2017. 14 The use of HSC materials for precision hinges was originally shown in the literature by Domber et al. 12 As indicated in Table 1 , their work found submicron-level axial and transverse deployment precision for one HSC hinge design and higher precision error for two other hinges made from different composite layups. Since their work, many new HSC materials have been developed and high precision position sensors have become available enabling the measurement of more degrees-of-freedom. These new developments motivated the current work. In this paper, deployment precision performance in four degrees-of-freedom is presented for hinges of two different geometries and six different composite layups.
To make HSC hinges, two opposing tape sections are bonded together at the ends using end fittings. The hinges can be folding by locally buckling the tapes to flatten them at their midspan, then bending the tapes in the flattened region to fold the hinge. An HSC hinge is shown deployed and stowed in Figure 2 .
Figure 2. Hinge deployed (left) and stowed (right)
With no specific system in mind for the present study, the two HSC hinge geometries chosen for testing were selected based upon their applicability to small satellite deployable structures, available composite tooling, and available oven sizes. For CubeSat-scale small satellites, the maximum usable width along one side of the spacecraft is 8.5 cm. Using this limit as the flattened width of the tapes, only two available cylindrical composite mandrels were available to make hinges that could fold without damage: 15.2-cm (6-inch) and 10.2-cm (4-inch)-diameter mandrels. The free-edge length of 30 cm was chosen based on finite element analysis to avoid damage inducing strain concentrations near the end fittings when folded and so that the final hinge bonding can be done in an available oven.
The materials chosen for testing were based on materials available at the Air Force Research Laboratory (AFRL) Space Vehicles Directorate and the layups chosen were based on AFRL staff recommendations and previous publications. 15, 16 The materials and layups chosen for this work are listed in Table 2 . At least two tapes of each layup and diameter were made at the AFRL and provided to MITLL. At MITLL, the tapes were then trimmed to size and two tapes were bonded to end brackets to make hinge specimens. The bracket pieces for the fixed end were made from Invar to minimize thermally induced shape change. The bracket pieces for the free end were made from aluminum and significantly light weighted to minimize gravity-loading effects at the tip. The total mass of the light weighted bracket assembly is 173 grams. The base and tip bracket assemblies were bonded to the tapes in one operation using Hysol EA 9394 epoxy with 180-µm glass beads to enforce a minimum bondline thickness. The tip and base bracket assemblies included alignment features to interface with tooling during the bonding process to set the distance and parallelism between the tip and base. This ensured that a consistent tape free edge length was achieved for all of the test specimens 
HSC Hinge Deployment Precision Testing
When HSC hinges are folded, they are under higher strain than they were in the deployed state. Under stress, the fibers in the composite can shift slightly within the matrix. In the folded position, the hinge is under stress and the fiber shifting results in a relaxation of the stress. This phenomenon is known as stress relaxation. When unfolded, over time the fibers shift back some amount to a new minimum stress state in a process known as creep recovery. In this new minimum stress state, the hinge has slightly shifted. The shape change is the deployed position error. When this fold and deploy process is repeated, the standard deviation of the test-to-test shape change is referred to as the deployment precision of the hinge in this paper.
The creep recovery behavior of the hinge specimens is related to the specimens' material properties, magnitude of applied strain, duration of applied strain and temperature. The current tests were designed to focus on the effect of stow duration and strain level on creep recovery for a set of composite layups. The applied strain level is a function of the stowed fold angle, the specimen geometry and the specimen material. Therefore, the only metrics varied in the test were stow duration, specimen material and specimen geometry. The folded hinges were strained by folding to a set angle and clamped in place, as shown in Figure 3 .
Figure 3. Hinge in deployment precision measurement fixture deployed (left) and stowed (right)
Because these tests would need sub-micrometer level precision over long durations of creep recovery, position sensors with less than tens of nanometers scale errors were necessary. Temperature changes, humidity changes and vibrations in the testing environment can significantly affect measurements at this scale. Therefore, special attention was given to controlling and/or measuring the temperature change, humidity change and vibration of the specimens during testing.
Test Environment
In order to minimize temperature and humidity variation during the creep recovery, the tests were performed in a passively stabilized thermal chamber. With the doors sealed, the temperature variation within the chamber over 24 hours was generally less than 0.1 degree Celsius. The chamber also provided passive stabilization of humidity, but because the room housing the chamber was not humidity controlled the baseline humidity level did change throughout the tests. Measurements show that over a 24-hour period the humidity did not change by more than ±1 percent. The tests were performed on a 91.4 cm x 122 cm, 90-kg optics breadboard that was isolated with respect to the surrounding floor with four Barry Controls SLM-1A passive, inflatable, air-spring isolators. The isolators did not remove all disturbances from the surrounding room, but it did decrease the resulting response levels at the test apparatus. However, because the creep recovery after each deployment was at least 15 hours and data were sampled at 1 Hz, everything but extremely low-frequency vibration in the specimen could be averaged out of the data.
The hinge deployment precision testing was performed on an Invar reference plate, as shown in Figure 4 , so that the sensors at the tip of the specimen would not move significantly with respect to the base mounting point of the specimen during the tests. For the temperature variation seen in the sealed test chamber, the thermal expansion of the reference plate over 24 hours should be less than 50 nm. The Invar reference plate was mounted to the optics bench with one fixed and two flexured mounts. The flexured mounts minimize the load that is applied to the reference plate due to the thermal expansion differential between the Invar reference plate and the steel optics bench.
Figure 4. Hinge deployment precision test layout
The Invar reference plate also includes an adjustable stow restraint, shown in Figure 4 . This provides a fixed point to stow the specimen in a repeatable manner. In order to ensure stowed position repeatability, the stow restraint contains one-half of a ThorLabs KB3X3 kinematic mounting base. At the mirror end of the specimen, a 3D printed plastic version of the mating piece for the KB3X3 is attached for alignment when stowed. A 3D printed version was used to minimize the mass at the tip of the specimen while still enforcing good stow alignment. Figure 4 also shows the location of some of the sensors used in the experiments. In the figure, the four laser position sensors used to measure creep recovery are shown mounted to cold plates. In order to achieve the temperature stability needed in the test chamber, the laser positions sensors needed to be actively cooled. They were cooled using a Polyscience FF-12930-38 benchtop chiller set at 20.5 degrees Celsius. Without this chiller, the temperature in the chamber would slowly increase over time due to the heat released from the laser position sensors.
Test Instrumentation Accurate and precise position measurements are critical for the deployment precision testing. Because of the relatively small position range of interest, it was determined that only non-contact sensors could be used. Sensors that contact the tests specimen would apply a small, unknown amount of load to the specimen and most likely affect the precision measurements. After a survey of available precision, noncontact position sensors, laser displacement sensors were determined to be the best fit for this application. These sensors can provide very accurate measurements from larger stand-off distances than capacitive sensors, which was important for this application since we did not know how far from the nominal position the specimens would be initially after deployment. The sensors chosen were Keyence LK-H027 1D laser triangulation sensors. The specifications for this sensor are shown in Table 3 . Based on these specifications and the 0.1-degree Celsius worst-case temperature variation during a test, the RMS error for a 10-μm measurement would be 63 nm. The Keyence LK-H027 were connected to a LK-G5001V controller unit. The controller sampled data from the sensors at 1 kHz in the diffuse reflection mode. The sensor measurements were then output from the unit as a moving mean of 4096 points. Four Keyence LK-H027 sensors were used during this experiment, as indicated in Figure 4 . Three sensors were used to obtain the piston, roll and pitch of the mirror-mounting end of the specimen. The fourth sensor was used to measure axial displacement. The level of precision desired from the specimens is on the same order of magnitude of what might be seen due to thermal expansion of many common materials in an unconditioned environment. Testing within the thermal chamber achieves a maximum variation of 0.1 degree Celsius over 24 hours. In order to monitor the temperatures of the test specimen, test apparatus and the test chamber, a number of temperature measurements were made during each test. A custom temperature measurement system was acquired from GEC Instruments to perform and acquire these measurements. The system is comprised of two 0.002-degree Celsius precision thermistors and five 0.02-degree Celsius precision thermocouples. One thermistor probe is located in the center of the optical breadboard and the second is located near the specimen root end of the Invar reference plate. The five thermocouples are distributed around the Invar reference plate and test specimen as shown in Figure 9 . The specific location of each temperature sensors is described in Table 3 . This spatial distribution of temperature measurements provides a better understanding of the temperatures at either end of the test specimen and at the sensor locations. The latter is important because of the temperature sensitivity of the laser sensors as shown in Table 2 . The maximum temperature fluctuations during a test were used to estimate the temperature related position sensor error in the test data analysis.
It is well known that composite materials expand and contract in response to humidity due to moisture absorption in the fiber and the matrix materials. 18 This phenomenon is known as moisture expansion. Therefore, changes in humidity may affect the deployment precision of the specimens in these tests. As mentioned previously, the humidity is passively stabilized within the test chamber to ±1 percent over 24 hours. While the level of moisture expansion for the specimens is not known, the humidity is measured to within 1 percent using an Omega HX92Bv0 humidity sensor so that any correlation between position change and humidity change could be identified during post processing.
During the initial testing, the vibration environment was monitored at normal structural frequency levels with two accelerometers during many of the early deployment precision tests, but no significant vibration levels were observed. Therefore, acceleration measurements were not continued beyond the first few specimen tests in order to decrease the data storage requirements for these long duration tests.
The position, acceleration and humidity measurements were all acquired using National Instruments LabView software. The Keyence LK-H027 sensors were connected to a Keyence LK-G5001V controller with a LK-HA100 controller expansion unit. Data was acquired digitally from the controller via an Ethernet connection using Keyence supplied LabView libraries at a rate of 1 Hz. The humidity measurement was acquired from the Omega HX92Bv0 using a National Instruments USB-6009 unit and sampled at 1 Hz. The data from each test was stored in a binary file which is then stored for later post-processing in MATLAB.
With all of the environmental and position measurements defined, the response of the overall test apparatus to temperature and humidity changes could be characterized. To do this, an Invar reference specimen that was a form and fit replacement for the hinge specimens was fabricated then installed and measured in the test apparatus. More details about these measurements are described in Silver et al. 17 The results showed that the changes in the position measurement of the test apparatus to the range of temperature and humidity changes expected during the tests were approximately 50 nm or less.
Test Procedure
The test flow for a single specimen is shown in Figure 5 . It begins with the specimen setup in the test fixture. However, before a specimen is setup in the test fixture, it is folded and unfolded at least ten times to force the majority of micro-cracking that may happen when the specimen is folded to occur before the testing begins. After the specimen is installed, the test chamber is closed out and data is recorded for at least 48 hours. The test chamber door is left closed at all times during the testing except when the specimen needs to be stowed or deployed. The measurement at the end of that initial settling period is considered the initial position that serves as the zero reference for all subsequent stow and deploy cycles. As indicated in Figure 5 , a total of 10 creep recovery measurements were made for each specimen made up of three different stow durations, six tests with 360 minutes (6 hours), two tests with 36 minutes (0.6 hour), and two tests with 3600 minutes (60 hours) of stow time. The creep response after each stow cycle was measured for at least 15 hours. Including all of the stow time, recovery and any down time between tests, the full test sequence for a single specimen takes approximately 17 days.
Figure 5. Test procedure flow chart

HSC Hinge Deployment Precision Results
An example of the post-processed results for all ten stow/deploy cycles for Specimen 4-6 is shown in Figure 6 . In this figure, the periods with no data are either stow periods or down time after a deploy collection is complete and before the next stow. The blue points in the position plots are recovery periods, red points are the final positions before the next stow. The results for each specimen is summarized by comparing the absolute and consecutive change in the red final position data. For the tenth deployment, the final 60 seconds of recovery period data is used as the final recovered position for that cycle. A comparison of the absolute and consecutive change for the results shown in Figure 6 is provided in Figure 7 . The results shown in Figure 7 highlight the fact that although the recovered position may drift over all ten stow and deploy cycles, the test-to-test change remains relatively small. This is the real performance metric needed for the planned application since the hinges will be folded up for launch then unfold a single time in orbit.
Two other characteristics were common in most of the specimen measurements. The first is the relatively large amplitude of the noise in the pitch data when compared to the other axes, which is evident in Figure 6 . This is due to the small level of pitch error measured and the small baseline between the sensor positions for this measurement, which amplifies the measurement noise in this result. The second is the large position change that occurred after the first stow. While it is not as evident in the Specimen 4-6 data shown above, it is evident in many of the other specimens. This may be indicative of a one-time setting of the majority of the non-recoverable stress relaxation in the folded hinge. Therefore, in calculating the deployment precision data for the specimens only the consecutive position error for tests 2-10 are used.
The final deployment precision data for all test specimens is shown in Table 4 . Results from Specimen 4-2 are not included because it failed due to creep rupture during the third stow period. Results from Specimen 6-3 are not included because it was not tested based on the poor results for this material demonstrated in Specimen 4-3. The hinge testing showed that two of the six composite layups demonstrated piston precision within 0.53 µm, pitch and roll precision within 5.9 µrad and axial precision within 0.36 µm. This level of piston and axial deployment precision with a passive hinge is similar to the best measurements presented by Domber et al after thermal bias was removed. Initial analysis of the current data to remove thermal bias show marginal improvement in deployment precision. These results will be included in future publications. 
HSC Frame
After sub-micron deployment precision of HSC hinges had been demonstrated, the question remained as to whether sub-micron deployment precision could be achieved in a complex structure assembled from multiple HSC hinges. Although frames using HSC tapes have been developed before 13, 19 , HSC hinge based frames with sub-micron level deployment precision have not been demonstrated in the literature. To investigate the potential precision of a deployable frame, a deployable frame test article was designed that uses HSC hinges at each hinge point. A diagram of the frame and test apparatus is shown in Figure 8 . The deployable frame is made up of low Coefficient of Thermal Expansion (CTE) carbon fiber tubes connected to HSC hinges. The hinges used in the frame are smaller than those presented previously in this paper. The hinges have a 12.7-cm free-edge length and are made from tapes with 5.04-cm-diameter curvature and 2.54-cm flat width. The material used in these hinges are made with the -6 layup defined in Table 2 .
The hinges are made with aluminum end fittings and are bonded to the low CTE tubes with Hysol EA 9394 epoxy. At these bond joints, the composite tapes and the low CTE tubes overlap by approximately 12 mm, so there is no portion of the frame expanse that does not contain composite materials. This is important because if a portion of the frame expanse was aluminum it would have much higher thermal expansion. The frame is bonded to the metrology frame through Invar joints. The mounting frame is fixed to the optical bench in the test chamber using thermal expansion flexures so that shape change in the optical bench is not transferred to the metrology frame. The final frame test article and metrology frame are shown in the stowed and deployed configurations in Figure 9 . The frame deployment precision testing used the same sensors, test chamber and test sequence as described previously for the hinge. The initial round of deployment precision testing was performed in the orientation shown in Figure 9 , with gravity pulling the tip of the frame down in the positive piston direction. The frame was held in a fixture when stowed, also shown in Figure 9 , with the goal of having a repeatable stowed position for each test.
HSC Frame Deployment Precision Results
The deployment precision data obtained for the frame is shown in Figure 10 . Based on these results the piston deployment precision is 2.3 µm, the pitch and roll precision is less than 6.3 µrad and axial precision is 0.24 µm. Two potential sources of unintended experimental error can be seen in the data from Figure 10 . First, the piston creep-recovery data showed continuous drift over time that can most likely be attributed to gravity. Because the test-to-test deployment precision was determined from the final position before the next stow in the test sequence and the duration of recovery was varied from 15 hours to 180 hours, gravity shift over time potentially increased the deployment precision error during these tests. Second, a significant bias in piston position can be seen after stow 7, which is the creep recovery period between approximately 240 hours and 340 hours in Figure 10 . A relatively large bias in piston position like this was not present in any of the hinge data. One potential source of the bias may be a variation in the stowed shape in the eighth stow. When the frame is folded, it is fairly compliant and has many possible stable configurations. It could be that the stowed frame was in a slightly different stowed configuration during this stow periods which led to a different stress-relaxation state than other stows. If this test is removed from the data, the deployment precision error decreases from 2.3 µm to 1.7 µm. In order to address these potential unintended error sources, a new round of testing is being performed with the frame oriented vertically, as shown in Figure 9 . The results from these tests will be in a future publication. 
Conclusions
This work has demonstrated the level of deployment precision achievable for several HSC hinges and a frame built from multiple HSC hinges. The deployment precision for the best performing hinges, the frame and several other precision deployable structures from the literature are presented in Table 5 . As can be seen from this table, the current HSC hinge and frame measurements show a significant improvement over the JWST DOTA and other non-HSC deployable structures and are the first to include both roll and pitch precision. The level of precision demonstrated by the structures in this paper are still not sufficient for final alignment for visible-wavelength optical systems. Nonetheless, metrology and position actuation to correct for sub-micrometer position error can be much simpler that what is needed for less precise systems, such as JWST. To support the development of future HSC precision deployable telescopes, MITLL is currently developing actuation and metrology methods that take advantage of the precision enabled by HSC hinges. 
